Abstract. Methods for determining carbon isotope discrimination, , or kinetic isotope effects, α, for CO 2 -consuming enzymes have traditionally been cumbersome and time-consuming, requiring careful isolation of substrates and products and conversion of these to CO 2 for measurement of isotope ratio by mass spectrometry (MS). An equation originally derived by Rayleigh in 1896 has been used more recently to good effect as it only requires measurement of substrate concentrations and isotope ratios. For carboxylation reactions such as those catalysed by D-ribulose-1,5-bisphosphate carboxylase / oxygenase (RuBisCO, EC 4.1.1.39) and PEP carboxylase (PEPC, EC 4.1.1.31), this has still required sampling of reactions at various states of completion and conversion of all inorganic carbon to CO 2 , as well as determining the amount of substrate consumed. We introduce a new method of membrane inlet MS which can be used to continuously monitor individual CO 2 isotope concentrations, rather than isotope ratio. This enables the use of a simplified, new formula for calculating kinetic isotope effects, based on the assumptions underlying the original Rayleigh fractionation equation and given by:
Introduction
Measurement of the depletion of the stable carbon isotope 13 C with respect to the relatively abundant 12 C is a valuable technique for understanding plant metabolism (for a review see Brugnoli and Farquhar 2000) . It can be applied at a global level to describe climatic changes (Francey and Farquhar 1982; Bird et al. 1994) , at the tissue level to describe metabolic pathways (e.g. Whelan et al. 1973; Robinson et al. 2003; Xu et al. 2004) , plant physiology (e.g. Farquhar et al. Relative abundance of carbon isotopes is characterised by the carbon isotope ratio, R, of a substance defined as (O'Leary 1981; O'Leary et al. 1992) :
The isotope composition of a substance, δ 13 C or δ, is given by (Craig 1957; Kroopnick and Craig 1976 ):
where R std is the isotope ratio for a given standard (marine limestone from Pee Dee Cretaceous belemnite formation, South Carolina, PDB, or an artificial version from Vienna, VPDB). The units for δ are usually expressed in terms of parts per thousand or 'parts per mil' (‰). For a process that (irreversibly) transforms a substrate or source from one isotopic composition, R S , to a product with another composition, R P , the fractionation factor or kinetic isotope effect, α, is (Lane and Dole 1956) :
Isotope fractionation or discrimination, , for that process is then (O'Leary 1981):
Photosynthesis results in depletion of 13 C in plant biomass (Park and Epstein 1960; Farquhar et al. 1989) . Isotope compositions are reasonably consistent with δ ≈ −28‰ for C 3 plants and δ ≈ −13‰ for C 4 plants (Smith and Epstein 1971; O'Leary 1981) . Given that, in the absence of industrial activity, air has an isotope composition of −8‰, discrimination ( ) is ∼20‰ for C 3 plants and ∼5‰ for C 4 plants (O'Leary and Osmond 1980; Vogel 1980; O'Leary 1981; Farquhar et al. 1989 ). This discrimination is primarily (but not entirely) due to the different kinetic isotope effects of RuBisCO and PEPC, the primary carboxylating enzymes of C 3 and C 4 plants, respectively Brugnoli and Farquhar 2000) . Models of carbon isotope discrimination due to carbon fixation have been developed for C 3 plants Farquhar and Richards 1984) , C 4 plants (Farquhar 1983) , C 3 -C 4 intermediates (von Caemmerer 1989) and, more recently, crassulacean acid metabolism (CAM) plants (Griffiths et al. 1990; Griffiths 1992) , which are modelled as C 4 plants with no bundle sheath leakage of intercellular CO 2 (Farquhar 1983) . They all rely on accurate determination of the carbon isotope discrimination by RuBisCO and PEPC.
The kinetic isotope effect for carboxylation has been traditionally measured as the difference between isotope compositions of source and product as described above. This involves isolation of the reaction product involved in bond formation with the substrate inorganic carbon, followed by combustion or decarboxylation to CO 2 and measurement of the isotope ratio of this and the substrate inorganic carbon. It is generally a laborious and time consuming experimental process but its careful use has provided accurate results (e.g. Christeller et al. 1976; O'Leary et al. 1981; O'Leary 1984, 1985) .
The kinetic isotope effect can also be measured without reference to the product by examining the disappearance of substrate only. The continuous conversion of a substrate into a product with differential fractionation may be expressed in terms of the ratio of two first-order rate processes as originally proposed by Rayleigh (1896) 1 for the enrichment by diffusion of one gas relative to another according to:
where [ 12 C] and [ 13 C] are the concentrations of substrate 12 C and 13 C, respectively, and α is the (constant) fractionation factor. Upon rearrangement of Eqn (5), the fractionation factor is given by:
We argue that Eqn (6) is a perfectly suitable form for obtaining the fractionation factor from the equation developed by Rayleigh (by plotting ln[ 12 C] v. ln[ 13 C]) if individual isotope concentrations (and not just the isotope ratio, R) can be monitored. In order to apply this equation form to the enrichment of argon in air, Rayleigh integrated further, obtaining an analytical solution for the 'enrichment' (in our case given by R with respect to some initial R) as a function of gas volume remaining after diffusion through a membrane into a vacuum. He applied this integral form of the equation to published experimental data where only the final enrichments and gas volumes were known to him. Until now, in similar fashion, enzyme discrimination has been obtained by integrating Eqn (6) such that:
where k is an arbitrary constant resulting from the indefinite integral. Equation (7) can be re-arranged to:
or:
where discrimination, , in Eqn (9) varies from the standard definition of according to (see Appendix):
While and are similar, they are not the same and result in a difference of up to 1‰ in the case of discrimination by RuBisCO (Farquhar et al. 1989; see Appendix) . This indefinite integral form of the Rayleigh equation is recommended by Scott et al. (2004a) and, indirectly, by Henry et al. (1999) . Discrimination, , can be determined from a line of best fit through points (− ln[ 12 C], R) that occur during reaction without constraining the line through the origin. This form of the Rayleigh equation is necessary when isotope ratio mass spectrometry is employed and [ 12 C] is approximated by the net concentration of CO 2 . Until recently, the definite integral has been utilised, resulting in (Kroopnick and Craig 1976; Guy et al. 1989 Guy et al. , 1993 :
where f is the fraction of substrate not consumed, based on 12 C. (Henry et al. 1999; Scott et al. 2004a) . It is important to note that when the fraction of source not consumed is based on 13 C rather than 12 C, the form of this equation is changed to:
where f is the fraction of substrate not consumed, based on 13 C. However, it has not always been possible to measure [ 13 C] accurately because 12 C is the dominant isotope. Most workers have measured the fraction of substrate not consumed without regard for isotopic composition. That is, they have not distinguished between f and f but have measured something closer to f than f. The use of the definite integral form of the Rayleigh fractionation equation in determining enzyme discrimination (e.g. Guy et al. 1993; Robinson et al. 2003) has persisted, in our opinion, because of the need to derive analytical solutions for R for various enrichment processes (e.g. gaseous diffusion of uranium hexafluoride to enrich 235 UF 6 with respect to 238 UF 6 ) given an initial isotope ratio, R 0 . In this paper, we propose a new method for measuring the kinetic isotope effect for PEPC and RuBisCO based on the assumptions underlying the original form of the equation derived by Rayleigh and utilising continuous, real-time measurement of carbon isotope concentrations by membrane-inlet MS. This method requires no reaction quenching or sampling and no isolation of substrate inorganic carbon from the reaction solution, making it quicker and easier to perform than either of the two existing methods used previously. It is only made possible by monitoring of individual isotope concentrations rather than the isotope ratio. We validate the method by applying it to measure the carbon isotope discrimination of enzymes where this value is well characterised.
Materials and methods

Purified enzymes and RuBP
Phosphoenolpyruvate carboxylase from maize (Sigma-Aldrich, St Louis, MO), supplied as an (NH 4 ) 2 SO 4 suspension, was harvested by centrifugation at 2000 g and 22
• C and resuspended in buffer (100 mM HEPES, 1 mM EDTA, 5 mM MgCl 2 , pH 7.6) at ∼10 mg·protein mL −1 . Wild type (WT) RuBisCO was purified from commercially available spinach (Spinacea oleracea) leaves by a procedure based on the method of Hall and Tolbert (1978) as described by Edmondson et al. (1990) but omitting the final gel filtration step (Morell et al. 1997) . RuBisCO large subunit octamer from Rhodospirillum rubrum was obtained from IPTG-inducible, kanamycin-resistant E. coli cultures containing R. rubrum rbcM gene on plasmid pRR1 as described by Morell et al. (1990) , where this construct originally derived from R. rubrum rbcM on pRR2119 (Nargang et al. 1984) . The enzyme was purified according to Andrews and Kane (1991) . RuBisCO L 8 S 8 complex from E. coli expressing Synechococcus PCC 6301 rbcLS gene was purified according to Andrews and Ballment (1983) . RuBP was prepared enzymatically from D-ribose-5-phosphate according to the procedure for unlabelled RuBP of Kane et al. (1998) based on the method of Horecker et al. (1958) with the addition of a desalting step used for 14 C-labelled RuBP by Kane et al. (1998) .
Mass spectrometry
Measurements of the concentrations of 16 O 2 (mass 32), 12 CO 2 (mass 44) and 13 CO 2 (mass 45) were made with a purpose-built IsoPrime stable isotope gas mass spectrometer from Micromass Instruments (Manchester, UK). This instrument has eight Faraday collector buckets arranged in a configuration where for one accelerating voltage and magnetic field setting, we can simultaneously monitor eight separate masses, including masses 32, 44 and 45. In addition, we have modified the data collection so that all collector outputs are monitored independently of the computer software supplied with the instrument. This has allowed us to create our own Visual Basic (Microsoft) program on a measurement computer for conducting the assays, calculating the data in 'real-time' and saving data to a file. Our measuring system continuously monitors the frequency outputs of the head amplifier and we divide the data into 'time-slices' so that in a typical measurement each time-point represents a 5-s average of the frequency output of each collector. A reference frequency generator from the counter card used by the measurement computer provides the time base for measurements. Measurements on the mass 32 collector were made with a 10 9 -ohm resistor while masses 44 and 45 were amplified with 10 11 -ohm resistors. All measurements were made at natural abundance for all isotopes.
CO 2 uptake reactions
All reactions were performed in an 800-µL volume contained inside a stainless steel, water jacketed (25
• C) cylindrical cell with polycarbonate plug (Fig. 1) , with the reaction being stirred by a small teflon magnetic stir bar. The bottom of the cell consisted of a teflon membrane sitting on a porous polyethylene disc recessed into the base of the chamber. The frit was under vacuum (<10 −7 mbar) so that volatiles in the cell were drawn through the teflon membrane and frit into the vacuum line. The fraction of CO 2 consumed by the vacuum is small compared with the CO 2 consumed by the enzyme (1 : 40, see Appendix 1). From here, the line passed through a 1-L dry ice / ethanol bath to condense water vapour out of the gas phase. Dry volatiles were then continuously drawn into the enclosed source of the MS. The trap current was 400 µA during measurements. 
PEPC reactions
The following carboxylation reaction was monitored to measure the discrimination of PEPC:
Initially, the reaction cell was filled with at least 600 µL buffer (100 mM HEPES, 1 mM EDTA, 5 mM MgCl 2 , pH 7.6) that had been sparged with N 2 gas for at least 1 h to remove O 2 . A polycarbonate plug was floated on the thin film of solution that was in slight excess of the cell volume. Any residual O 2 was allowed to be drawn out of the cell through the vacuum line and was monitored via the MS until it was almost completely removed (∼30 min). This was undertaken to reduce the competition for substrate RuBP by the RuBisCO-mediated oxygenase reaction and to avoid formation of extraneous CO 2 at the source as a result of combustion of carbon. The following solutions were then introduced to the cell via syringe through the capillary port in the polycarbonate plug: 10 µL × 10 mg·mL
CA (included to facilitate equilibrium between CO 2 and HCO 3 − ) from bovine erythrocytes (Sigma-Aldrich); 20 µL × 100 mM NaHCO 3 ; 5 µL purified PEPC. Again, any residual O 2 introduced with these solutions was allowed to be drawn out of the cell through the vacuum line (∼15 min). The carboxylation reaction was initiated by addition of 15 µL × 100 mM PEP (Roche, Basel, Switzerland) through the capillary port. Final concentrations were always 0.1 mg mL −1 CA, 2.5 mM NaHCO 3 − and 2 mM PEP in a total volume of 800 µL. The carboxylation reaction was monitored until almost all PEP was exhausted (∼10 min) at which point 50 µL of a saturated NaOH solution was added. This resulted in >1 M NaOH in solution and the conversion of all (volatile) CO 2 to (non-volatile) CO 3 2− . The MS signal at this time (averaged over 5 min) was deemed to represent a zero concentration of CO 2 .
RuBisCO reactions
The following carboxylation reaction was monitored to measure the discrimination of RuBisCO:
The procedure was essentially the same as for PEPC reactions except that the buffer contained 25 mM instead of 5 mM MgCl 2 and 20-100 µL purified RuBisCO extract (depending on the source) was used instead of PEPC. Again, the presence of low O 2 was essential in the assays and sparging of assay buffer with N 2 and in-cell O 2 draw down was employed. When O 2 was allowed to be drawn out of the cell through the vacuum line (∼15 min), RuBisCO was also allowed time to become activated by (non-substrate) CO 2 and Mg 2+ Lorimer et al. 1976; Andrews 1996) . The carboxylation reaction was initiated by addition of 60 µL × 25 mM RuBP through the capillary port. Final concentrations were always 0.1 mg·mL −1 CA, 2.5 mM NaHCO 3 − and 2 mM RuBP in a total volume of 800 µL. The carboxylation reaction was monitored until almost all RuBP was exhausted (∼10 min) after which 50 µL of saturated NaOH was added. The MS signals arising from a typical experimental sequence are shown in Fig. 2 . (Fig. 2 ) generated some time after initiation of carboxylation (by addition of RuBP) and some time before quenching of the reaction (by addition of NaOH). This segment is indicated in Fig. 2. (A) The slope of the line of best fit for ln[
12 C] v. ln[ 13 C] is the overall system fractionation factor, α total , from which the spinach enzyme discrimination, RuBisCO , may be calculated. (B) The slope of the line of best fit for ln R v. −ln[
12 C] is the overall system discrimination, total , from which RuBisCO may be calculated.
Calculation of discrimination
The signals for each isotope were corrected for their zero offsets using a value for zero obtained by averaging the raw signal for each isotope for 5 min after addition of NaOH at the conclusion of the reaction. The corrected signals were then used to obtain a raw fractionation, α total , from Eqn (6) where ln[ 12 C] was plotted against ln[ 13 C] (Fig. 3) . The slope was calculated by linear regression for points that occur some time after initiation of reaction (by PEP and RuBP for PEPC and RuBisCO, respectively) and some time before quenching of the reaction with D. B. McNevin et al.
NaOH. The slope was not constrained to pass through the origin (Henry et al. 1999; Scott et al. 2004a) . The raw discrimination, total , was then calculated by subtracting one from the raw fractionation, in accordance with Eqn (4). An enzyme discrimination was calculated for each reaction according to (see Appendix 1):
and:
where eq is the discrimination due to the equilibrium isotope effect between CO 2(aq) and HCO 3 − (aq) (relative to CO 2 : see Appendix 1) equal to −9‰ (Mook et al. 1974) and part is the discrimination due to partitioning of inorganic carbon between CO 2 and HCO 3 − in solution given by (see Appendix 1):
where pK eq is the equilibrium dissociation constant for For both PEPC and RuBisCO, the amount of enzyme used in the assay was adjusted so as to maximise the rate of reaction without that rate being too fast for the response time of the MS. This was important because there is probably some small discrimination that occurs due to diffusion through the teflon membrane and polyethylene frit as CO 2 is drawn under vacuum to the MS (see Appendix 1). In this experimental system, a reaction time of ∼10 min to exhaust substrate (either PEP or RuBP) was appropriate.
Previous estimates of PEPC and RuBisCO discrimination
The discriminations for PEPC and RuBisCO enzymes from the species included in this paper but determined by other workers are shown in Table 1 . 
Results and discussion
The data chosen to be included in the fractionation plot were somewhat arbitrary in that immediately after addition of RuBP there was some short adjustment in solution as a new isotopic pseudo-equilibrium was achieved and, as CO 2 became exhausted in solution, the signal-to-noise ratio increased. Therefore, data immediately after RuBP addition (for ∼1 min) and immediately before NaOH addition (for ∼1 min) were excluded. The fractionation plot (ln[ 12 C] v. ln[ 13 C]) arising from a typical experimental sequence for RuBisCO (Fig. 3) is shown in Fig. 3A (Fig. 3B ). We therefore recommend our newer, simpler method as an alternative when individual isotope concentrations can be monitored.
Individual values for the enzyme discriminations for PEPC and RuBisCO from spinach, R. rubrum and Synechococcus PCC 6301 are included in Table 2 . Estimates of discriminations by other workers under experimental conditions that most closely resemble ours are displayed in comparison to our results in Fig. 4 and show that the values for enzyme discrimination ( enzyme ) obtained by our new method are indistinguishable (given error ranges) from those of other measurements for PEPC from maize and RuBisCO from spinach and R. rubrum (Table 1) . Our value for PEPC [(2.6 ± 0.2)‰] is indistinguishable from previously measured values of (2.7 ± 4.4)‰ at 24 • C and pH 8.5 (Whelan et al. 1973) and (2.9 ± 0.5)‰ at 25 • C and pH 7.5 (O' Leary et al. 1981) . It is also between the two measurements obtained by Reibach and Benedict (1977) of 0.51 and 3.55‰ (the average value 2.03‰ was reported). Our value for RuBisCO for spinach [(28.9 ± 1.5)‰] is Table 1 ).
also indistinguishable from previously measured values of (29 ± 1)‰ at 25 • C and pH 8.0 (Roeske and O'Leary 1984) , (29.0 ± 0.3)‰ at unspecified temperature and pH 7.6 (Guy et al. 1993 ) and (26.2-29.8)‰ (95% confidence interval) at 24 • C and pH 8.5 (Scott et al. 2004b ).
The two previous measurements of RuBisCO for R. rubrum differ significantly from each other (Table 1) even though the experimental conditions under which they were measured did not [assuming that Guy et al. (1993) performed their measurements at ambient temperatures]. Our measured value of (22.2 ± 2.1)‰ is consistent with that obtained by Guy et al. (1993) but not with that of Roeske and O'Leary (1985) . It should be noted that Guy et al. used a substrate-depletion method (in common with us) whereas Roeske and O'Leary measured isotopic composition of substrate and products. Our relatively large error range is also consistent with that of Guy et al. (1993) , who attributed it to sensitivity of the measurement to Mg 2+ concentration (for R. rubrum but not for spinach). Our error range was obtained at the one Mg 2+ concentration (25 mM). When we repeated our measurements at 40 mM Mg 2+ , we found no significant difference in discrimination values (data not shown).
Our upper range limit for Synechococcus of (20.9 + 0.8)‰ is only 0.1‰ below the lower range limit determined by Guy et al. (1993) of (22.0-0.2)‰. It should be noted that the Anacystis nidulans referred to in their paper is equated to Synechococcus PCC 6301. It should also be noted that the pH at which we conducted our assays (7.6) was here significantly less than their experimental pH (8.1).
The discrimination values reported here for RuBisCO are all referenced to aqueous phase or dissolved CO 2 as substrate, in common with those reported by others in Table 1 . Similarly, discrimination values for PEPC are referenced to aqueous HCO 3 − . Plant physiological models (e.g. Farquhar et al. 1982; Farquhar 1983 ) typically use discriminations referenced to gaseous CO 2 because this is the form of CO 2 that exists outside the leaf. To convert between discrimination referenced to aqueous substrate, aq , and discrimination referenced to gaseous substrate, g , equilibrium isotope effects must be invoked (assuming that gaseous and aqueous substrates are in equilibrium) according to:
The relevant equilibrium isotope effects are given by (Mook et al. 1974) :
These corrections result in discriminations referenced to gaseous CO 2 , g , which differ from discriminations referenced to aqueous substrate, aq , by about +1‰ for RuBisCO and about −8‰ for PEPC. Hence, for application in gas-phase models, discrimination by spinach RuBisCO of aq ≈ 29‰ becomes g ≈ 30‰ and for PEPC, aq ≈ 2‰ becomes g ≈ −6‰. Figure 2 shows that each addition of reagents to the reaction cuvette results in some oxygen (mass 32) addition. This is inevitable given the low oxygen partial pressure in the cuvette after application of a vacuum and before reagent addition. Thus, introduced oxygen has the potential to react with carbon in the source and interfere with both the mass 44 and 45 signals. However, the compatibility of our results with measurements determined by other means suggests that the effect is negligible.
Conclusions
We have shown that our new method of monitoring CO 2 isotope concentrations directly via membrane inlet MS provides values for discrimination by purified extracts of the carboxylating enzymes PEPC and RuBisCO, determined from the basic form of the Rayleigh equation, which are consistent with previous measurements by other workers. Our method, however, provides single estimates of discrimination inside 1 h and does not involve isolation, decarboxylation or combustion of any substrates or products. The simplicity and rapidity of the method makes it ideal for collecting a wide range of data that may give insights into kinetic differences which may arise through the evolution of an enzyme, including adaptation to a changed environment (see Tcherkez et al. 2006) , or through directed mutagenesis changes designed to probe mechanism. D. B. McNevin et al. von Caemmerer S (1989) Appendix 1
Alternative definitions of fractionation factor and discrimination
There exist alternative definitions of fractionation factor and discrimination (Farquhar et al. 1989; Guy et al. 1989) . While the fractionation factor employed by us is referenced to the product, the alternative fractionation factor is referenced to the source and results in the following definitions for fractionation factor and discrimination (e.g. Kroopnick and Craig 1976; Guy et al. 1989 Guy et al. , 1993 Henry et al. 1999) :
The relationships between the alternative definitions are as follows (Guy et al. 1989 (Guy et al. , 1993 :
Isotope effects
A mass balance on inorganic carbon, C, in the closed system described in this paper with continuous withdrawal of CO 2 for measurement and consumption of CO 2 by enzyme can be represented (Henry et al. 1999) :
where r and s (concentration per unit time) are the rates of consumption of CO 2 by enzyme and by the measuring device (MS), respectively. In a buffered system (pH 7.6) where [H + ] is constant, where equilibrium between aqueous phase inorganic species is facilitated by CA and where there is no headspace, the total inorganic carbon present in the system is divided between aqueous CO 2 and HCO 3 − according to:
where the concentration of CO 3 2− is negligible and where K eq is the equilibrium constant relating CO 2 and HCO 3 − concentrations given by:
Equation (A4) becomes:
The total or overall kinetic isotope effect is: .
The kinetic isotope effect for RuBisCO, α RuBisCO , is independent of the concentration of either isotope, a fact supported by Christeller et al. (1976) , who found no effect on the discrimination of soybean RuBisCO by bicarbonate concentrations in the range 2.5-50 mM. In this case, the total isotope effect in Eqn (A8) is:
where the fractionation due to inorganic carbon partitioning, α part , is given by: 
where α eq is the equilibrium isotope effect for aqueous CO 2 / HCO 3 − given by (O'Leary 1981; Farquhar 1983; Farquhar et al. 1989; Brugnoli and Farquhar 2000) :
This will be the case if the rate of reaction, r, is much greater than the instrument consumption rate, s, and so this simplification can be applied if enzyme concentrations are great enough that reactions are fast. In Fig. 2 (a typical MS trace), the initial reaction rate (after addition of RuBP) is ∼40 times greater than the instrument consumption rate (before addition of RuBP) and so for membrane discriminations of the same order of magnitude as enzyme discriminations (or less), this simplification is valid and results in errors of less than 1‰. The equilibrium discrimination for dissolved bicarbonate relative to dissolved CO 2 at 25 • C is given by (Mook et al. 1974) : eq = α eq − 1 = −0.009 (−9‰) Guy et al. (1993) propose a similar correction factor, C, given by:
It should be noted that they have used the alternative definition for discrimination described by Eqns (A1) and (A2), so that C can be rearranged by substitution of Eqn (10): 
C and α part are essentially identical because the pK eq is substantially dictated by the dominant 12 C isotope. They are also equivalent to the correction factor employed by Winkler et al. (1982) . In terms of discrimination due to partitioning of inorganic carbon: part = α part − 1 = − eq 1 + (1 + eq )10 pK eq −pH + eq = 0.0087 (= 8.7‰ at pH 7.6).
Now, in terms of the total or overall discrimination observed in the system: 1 + total = (1 + RuBisCO )(1 + part ).
Rearranging: 
